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Investigating magnetic proximity effects in NiYPd with polarized neutron reflectometry

A. Hoffmann® and M. R. Fitzsimmons
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

J. A. Dura and C. F. Majkrzak
National Institute of Standards and Technology, Gaithersburg, Maryland 20899
(Received 3 April 2001; published 19 December 2001

With polarized neutron reflectometry we investigated NiO/Pd heterostructures for the presence of a magnetic
proximity effect, which is expected to produce an induced ferromagnetic moment in Pd. Using a specific
isotope mixture of Ni in the preparation of NiO, the chemical contrast across the Pd/NiO interface was greatly
suppressed, thus enhancing sensitivity to magnetic contrast at the reflecting interface. Despite enhanced sen-
sitivity, no evidence for a proximity effect was observed. If present, the magnetic moment per Pd atom could
not be more than 0.Q45, regardless of Pd layer thickness, crystalline interface orientation, and number of
NiO/Pd bilayers.

DOI: 10.1103/PhysRevB.65.024428 PACS nuni®er75.70.Cn

[. INTRODUCTION the variation of the index of refractiom for the sample av-
eraged over its lateral dimensions. The index of refraction,
The discovery of giant magnetoresistahaead its subse- is given by®

guent use in magnetic recording technology have renewed
interest in magnetic heterostructures and the magnetic prop- . A2
erties across interfaces of magnetically dissimilar n==ny*ny=1->—[b(z)N(z)x4mcM(2)], (1)
materials>®> One question germane to studies of magnetic
induces magnetic order in a nominally nonmagnetic materia'respectively, to the index of refraction, is the neutron
giving rise to a so-called magnetic proximity effect. For ex- wavelengt/A], b(z) is the averaged nuclear scattering am-

am|tole_, Ieatsrilyt polariTabIet :cnaterials, S?Ch as Pd adeV, i, 4e[A] as a function of distancefrom the surfaceN(z)
materials that are almost ferromagngfican acquire a siz- o2 i dencitiA 3], c=2.645¢10 5 A /g is a

able magnetic moment if they are in contact with aferromag-constam’ andVl(2) is the magnetization densifyg A~ 3].

netic materiaf—® Theoretical calculations suggest that the_l_h o : re orl n of th o
first layer of Pd in contact with a ferromagnetic material |N€ = Signs refer to the orientation of the neutron beam

acquires a magnetic moment of about0,3Pd atom, which polarization relative tq the applied magnetil(; fielq, eithe_r par-
then decays rapidly away from the interfa@e. aIIeI. (+ or up or antiparallel < or down. U;mg an it-
Recently Managet al »~**suggested that NiO/Pd super- €rative process and Eq.(1), the specular polarized neutron
lattices can acquire a ferromagnetic moment. Since NiO is afeflectivity R™ is calculated as a function of momentum
antiferromagnet, and thus has no net magnetization, Manageansfer,q=4 sin 6/\, with 6 being the angle between the
et al. concluded the observed magnetization came from d@ncoming neutron beam and its projection on the sample
ferromagnetic moment induced in Pd. By measuring a syssurface'* The reflectivity profilesR*(q) contain both infor-
tematic variation of the observed magnetization with Pdmation about the chemical profil¢hrough the nuclear scat-
layer thickness Managet al. inferred a magnetic moment of tering length density3(z)=b(z)N(z)] and the magnetic
0.59u5/Pd atom, which decayed away from the Pd/NiO in-profile [through the magnetic scattering length density
terface to zero within 35 A? However, neither the Pd mag- 47cM(2)]. A net magnetic moment in the sample manifests

netic moment nor the spatial dependence was observed diself by a splitting between the two reflectivity profiles, such
rectly in these experiments. The goal of this study was tQnatR*+R™ if M(z)#0.

direc_:tly observe the i'nduc.:ed Pd moment and characterizg its Previously, polarized neutron reflectometry has been used
spatial dependence in NiO/Pd heterostructures by polarizeg) qetermine with 10% precision the net magnetic moment

neutron reflectometry—a technique tailor-made to accurately, ., ferromagnetic layers a few monolayers thte#® This
Qetermlne thg depth dependence of the magnetization proﬂﬁgh sensitivity to a small magnetization volume was ob-
in a magnetic heterostructut®. There are other methods tained by a judicious choice of an overlayer of similar

such as magnetic dichroism which also have the necessapy,cjear scattering length as the substrate, so as to create a
sensitivity and chemical specificity, but any spatial depenyesqnancganti-resonanoefor up (down) polarized neutrons,
dence is normally inferred indirectly, e.g., by varying layerypich then in turn gives rise to enhanced magnetic contrast.
thicknesse$. The goal of the present experiment is to detect a magnetic
moment of up to 0.Gg/Pd atom, which could possibly ex-
tend from the Pd/NiO interface only 10—40 A into the Pd.

Within the optical formulism of Parratf, the reflectivity ~ This is preferably investigated in simple bilayer samples
of a sample measured with polarized neutrons is related téwith only one Pd/NiO interfade since it avoids problems

Il. ENHANCEMENT OF MAGNETIC CONTRAST
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FIG. 1. (Color Simulations of polarized neutron reflectivities for a bilayer of 50 A NiO/150 A Pd on,@AbubstrateR™ is red,R™
is blue. The simulation is shown f@a) NiO with natural abundance of Ni isotopes affxl for NiO with a specific mixture of Ni isotopes
as described in the paper. The insets show the first fringe maximum on a linear scale.

with inequivalent interfaces and simplifies the data analysissplitting betweerR™ andR™ especially at high reflectivities
Clearly, detection of such a small moment is a challenginds observed for thé?Ni-enriched composition. Sinck!(z)
problem and therefore we extended the idea of contrags related to this splitting, use of the special isotope mixture
matching from Ref. 18 to the present problem. Using specifieffers significant benefits. In Fig.() the mixture of ®Ni
isotopes of Ni, we can match the nuclear contrast throughoying natural Ni is such that the nuclear scattering length den-
the heterostructure such that the nuclear scattering Iengt_k,]ty of NiO is the same as Pd. In order to show the matching

Qensityﬁ is constant throughout our Pd/NIO bilayer syster_n,fOr the scattering length densitigs of NiO and Pd,z is
.., Buio=Bpq. Thus, chemical contrast across the Pd/NiOpgtteq in Fig. 2 for neutron beam polarization (gue) and

is suppressed with a concomitant enhancementalative oy (req) for natural Ni isotope abundande) and for the
magnetic contrast. Notice thatpy=4.013x10"¢ A2 for 62Ni/n(atu(:)al Ni mixture(b) P ¢

natural Pd is smaller thamyio=8.840<10"% A~2 for
natlﬂal NiO. Since the scattering length density is given by

B=DN, whereb is the nuclear scattering amplitude averaged, ' savpLE PREPARATION AND CHARACTERIZATION
over all different atoms and isotopes ahdis the atomic

density, it is thus possible to achieve contrast matching by Several epitaxial NiO/Pd bilayers and superlattices were
using an appropriate amount 8fNi, which has a negative grown on[001] Al,O; and on[100], [110], and[111] MgO
scattering length ofb=—8.7x10"° A, compared tob substrates. By choosing different substrates, bilayers could
=10.3x10"° A for natural Ni%%?! be grown with different crystalline orientations. Thus, the
To demonstrate enhanced magnetic contrast, reflectivitinfluence of the interfacial antiferromagnetic spin structure
profiles were calculated for a bilayer composed of 50-on the magnetic proximity effect can be investigated. Notice
A-thick NiO and 150-A-thick Pd on a MgO substrate with a also that, since the antiferromagnetic structure of NiO has
moment in the Pd layer of 0.3/atom decaying ferromagnetically aligned layers along th&ll] planes, a
exponentiallj* away from the Pd/NiO interface within 10 proximity effect in NiO/Pd is expected to be most enhanced
A. These simulations suggest that a measurable differender [111]-oriented NiO films.
betweerR* andR™ can be achieved using a special isotopic  Before film deposition, the substrates were heated to
mixture of Ni. It should be pointed out that the induced mag-500°C for 1 h. The NiO was deposited by electron beam
netic Pd moment and its spatial extent used in our simulaevaporation from a Ni target with a 1.18:1 ratio ¥Ni and
tions are similar to what has been suggested for Pd/Featural Ni in an oxygen atmosphere ok40 # Torr while
bilayers'® but significantly smaller than the values inferred the substrate temperature was maintained at-200C. Sub-
by Managoet alX? For larger magnetic moments or spatial sequently, the substrates were cooled to room temperature,
extent, such as the ones suggested by Maretgal, the  and the oxygen evacuated so that the base pressure before
magnetic contrast would be even larger. Reflectivity profilesdeposition of Pd from a 99.99% pure target was0™ ’ Torr.
for a Pd/NiO bilayer using the natural abundance of Ni iso-The deposition rate of NiO and Pd was 0.6 A/s. For the
topes[Fig. 1(a)] and a speciaf’Ni-enriched mixture[Fig.  preparation of NiO/Pd superlattices the substrate temperature
1(b)] were calculated. Comparing these profiles a largewas maintained at 2692 °C throughout film growth. Prior
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FIG. 2. (Color Scattering length densities as a function of depthto the film used for the simulations shown in Fig(réd line for
neutron beam polarization down, blue line fonuf@) with natural abundance of Ni isotopes aftl with a specific isotope composition of
Ni in order to adjust the nuclear scattering length in NiO to the one of Pd. The dashed lines indicate the positions of the various interfaces.

10 ﬂ‘:_ : Ll S to deposition of Pd, oxygen used to grow NiO layers was
L ] evacuated from the electron beam evaporator.
1 The crystal and chemical structure of the NiO/Pd samples
. was extensively characterized with x-ray diffraction and
i 1AW — ] x-ray reflectometry. Figure 3 shows the x-ray reflectivity for
: (IR IR : a NiO/Pd bilayer grown of001] Al,O3, which is used to
1107 § T 3 determine the chemical layer structure including interfacial
3 : ] roughness. This information will be used later as fixed pa-
i A Ta Ll ] rameters for the model used for fitting the neutron reflectivi-
1x10°% L V ! 9% o ] ties. A fit of the data obtained using a model structure and an
: ' FEE T M o iterative algorithm® is shown in Fig. 3 with a red solid line.
_ : The structural parameters for the NiO/Pd bilayer obtained
ef ; R from the fit to the x-ray reflectivity are shown in detail in
1210 . . .
00 01 02 03 04 05 08 07 Table | for one series of four samplémcluding the one
q(A) whose data is shown in Fig) 8leposited simultaneously on
various substrates. Note all Pd/NiO interfaces are very sharp

FIG. 3. (Colon) X-ray reflectivity of 46.5 A NiO/154.3 A pd on  'egardless of crystal orientation or substrate.

1110.: ; ﬁ e

K-ray reflactivity

a [001] Al,O5 substrateblack dotg and fit to the datdred solid _The h_igh-angle x-ray diffraction pattern for the same
line). The inset shows the fitting parameters, which are also listed ifNIO/Pd bilayer or{001] Al,03, whose low-angle profile was
Table 1. discussed previously, is shown in Fig. 4. From high-angle

TABLE I. Structural parameters obtained from fitting the x-ray reflectivities for NiO/Pd bilayers grown on
[001] Al,O4, [100], [110], and[111] MgO. Listed are the NiOtg;o) and the Pdip4) layer thicknesses, as
well as the roughnesses of each interfagg tacepd, Tpanio, aNdoNiossubstrate (SEE also the inset in Fig.

3). Additionally the full width at half maximum\ @ for the high angle Pd peak$111), (200, (220), and
(112, respectively is shown.

Substrate [001] Al,O4 [100] MgO [110] MgO [111] MgO
tpg [A] 154.3+0.2 132.3-0.1 139.9-0.2 156.9-0.3
tnio [A] 46.5+0.3 41.6-0.4 44.9-0.2 44.21+0.05
Osurfacapd [A] 6.4+0.2 4.44-0.07 7.07-0.03 7.3:0.2
opanio LAl 3.73+0.07 3.28-0.04 6.1-0.1 4.35-0.06
ONiossubstrate[A] 1.9+0.2 3.9:0.1 6.01-0.08 3.95-0.08
Afpq [ded 0.030+0.001 0.84-0.08 1.38-0.05 0.058-0.005
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FIG. 5. (Colon Grazing-incidence x-ray diffraction of 46.5 A
FIG. 4. High-angle x-ray diffraction of 46.5 A Ni0/154.3 A Pd NiO/154.3 A Pd on[001] Al,Os. Shown is a polar plot of the
on[001] Al,O3. The inset shows the rocking curve of the @11  in-plane(220) Pd Bragg intensity as a function of rotation about the
peak. film normal.

x-ray diffraction data, the texture, mosaic spread, and phase IV. POLARIZED NEUTRON REFLECTOMETRY

purity of our samples were determined. Only the NI1.1 Polarized neutron reflectometry measurements were per-

and Pd(11]) Brggg peaks are observed, indicating [hi1] formed using the NG-1 reflectometer at the NIST Center for
texture of the bllayer. Furthe_rmore, there are no peaks of aNKjeutron Research. Prior to measurement, each sample was
other phases besides @, NiO, and Pd. For both thél1D)  5jed h a 2 kOe field from 300 K to 25 K. This cooling
Pd and(111) NiO Bragg reflections there are distinct finite- ,rqcedure was chosen since the earlier reports of Manago
size fringes, from which the thickness of each layer individu-gt g, suggested &, for the NiO/Pd system below 300 K.
ally (157=3 A for Pd and 4710 A for NiO) can be The neutron measurements were performed in an applied
determined. These thicknesses agree very well with th@eld ranging from 2 kOe to 7.5 kOe. The polarized neutron
thicknessegsee Fig. 3 and Table bbtained from the x-ray reflectivity measurements for the NiO/Pd bilayer [@01]
reflectivity measurements. The inset of Fig. 4 shows theal,O;, whose x-ray data are shown in Figs. 3-5, is shown in
rocking curve of the(111) Pd Bragg peak, which indicates Fig. 6(a). No obvious difference between tHe" and R~
the low mosaic spread of the crystal planes perpendicular treflectivity profiles is observed, indicating that there is no
the sample surfaces. Again, the high-angle data for thsignificant net magnetic moment in the sample. Additional
NiO/Pd bilayers grown ofi100], [110], and[111] MgO are  quantitative fitting[shown in Fig. €a) with the solid line$
similar, showing 100], [110], and[111] texture, respectively, further confirms that no net magnetic moment exists in this
with no additional phases. However, the mosaic spread i§ample. The fits were obtained using an iterative algorithm
somewhat larger as can be seen in Table I. and using the structural parameters obtained from the fits to
Grazing incidence in-plane x-ray diffraction was used tothe x-ray reflectivitiessee Table )l The only fitted param-
determine the in-plane crystal structural quality of the€ters were the _nuclear scattering lengths for_N|O and Pd and
samples. A polar plot of the integrated in-plaf@20 Pd the net magnetic moment in the Pd layer, which was assumed

reflection intensity as a function of azimuthal angleluring to deca_ly exponen_tlally ffF’m the mterface_ within 1074,
rotation about the surface normal of th&ll] oriented Pd With this assumption an mduped magnetic Pd moment of
film is shown in Fig. 5 for the NiO/Pd bilayer grown on #pg=(0.003£0.008)u5 is obtained directly at the NiO/Pd
[001] AlLOs. There is a clear sixfold symmetry, such that interface. Thus an upper limit for an induced Pd moment is

) 4 about 0.0Lkg/atom. An even smaller moment would be re-
[220] Pd|| [300] Al,O; (the ALO; diffraction peaks are not quired had the moment been distributed within a larger dis-

shown in Fig. 5 f(_)r the sake .Of (_:IarDtyThe sixfold symme- 500 than 10 A of the Pd/NIO interface. Results from
try of the diffraction pattern indicates that both the Pd andsamples prepared on MgO substrates were similar and also

- L 23
the NiO layers grew epitaxially of001] Al,03.” Al showed no evidence of any significant magnetic moment.
samples grown on the MgO substrates also showed equaltyherefore, we conclude that there is no evidence for an in-
good epitaxial quality. duced moment in Pd regardless of the crystalline orientation

To summarize the structural x-ray diffraction characteriza-of the NiO/Pd interface.
tion, all samples were single-crystalline epitaxial NiO/Pd bi-  |n addition to measuring the non-spin-flip reflectivities
layers with minimal roughness and interdiffusidgbelow  R* we also measured the spin-flip reflectivities, which
three monolayeps High quality samples were grown regard- would indicate any magnetization component perpendicular
less of crystallographic orientation. to the applied magnetic field. It is possible that antiferromag-
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FIG. 6. (Colon Polarized neutron reflectometry féa) 46.5 A FIG. 7. (Color) (a) X-ray reflectivity for a(17 A NiO/24 A Pd),

NiO/154.3 A Pd andb) 181 A NiO/5.5 A Pd o{001] Al,O,. Red  superlattice 0of001] Al,O;. (b) Polarized neutron reflectivity for a
data points are foR*, blue data points are fdR . The statistical (17 A NiO/24 A Pd, superlattice ofi001] Al,O5. Red data points
error bars are indicated by vertical lines. The orange and light blu@re for theR™, blue data points are f&® . The statistical error bars
solid lines in(a) are fits forR™, respectively. The insets show the are indicated by vertical lines.

data at the first fringe maximum on a linear scale.

] ] ) ] ] ) x-ray (a) and polarized neutrotb) reflectivity profiles for a
netic order in the antiferromagnetic layer gives rise to new17 A Nio/24 A Pd), superlattice on[001] Al,O; are
anisotropies in an adjacent ferromagnetic "ﬁéﬁ This  shown. While the x-ray data show the first superlattice Bragg
cquld then give rise to a magnetization, which is not al'gn.edpeak(at about 0.12 A1), no such superlattice Bragg peak is
with the applied field. However, we never observed any SPINGpserved in the neutron reflectivity data, indicating once

flip scattering and thus did not observe any ferromagnen%gam that the nuclear scattering length densities of NiO and

moment in the spin-flip reflectivities either. : )
The fitted values for the nuclear scattering length densitieﬁpgsar:g%\ilﬁgll';]?:]Zhgghgv;?u;T&g(zet;t'ioiutﬂirlr?;t:ﬁsesraé?ple
i =(4.5-0.1)x10°°% A2 ) 2. )
;fN_si (znl(i ONS)X Xvérfﬁg’ﬁ’z Sl_A'hg’ ﬁ?[el(} va:illges féﬁPd er:g bilayer repetitionsas the ones studied by Managpal. 1!~
i A+0. . . ; .
Buio also correspond well to the published literature v&iue _T_z evugence forfan induced mat(;glnetlc mor?ent was otb?er\;ﬁq.
of the Pd nuclear scattering length densitgsy=4.0 € absence of any measurable magnetic moment for this
superlattice was further confirmed by superconducting quan-

x10°® A2, Thus, the nuclear scattering density of NiO v devi
was indeed well matchedo < 10%) to the Pd nuclear scat- UM interference devicéSQUID) magnetometry measure-

tering length density. Good matching is further demonstrated€nts, which did not detect any significant magnetic mo-
by the polarized neutron reflectometry measurements on Aent. _ _
181 A NiO / 6 A Pdbilayer on[001] Al,O5 [see Fig. )]. Clearly, a discrepancy between our data anq the earlier
This sample has a similar overall thickness as the sampleeported results by Managa al."*exists. Specifically, the
(154 A Ni0/47 A Pd previously discussed, but different Pd present results find no evidence for any significant ferromag-
and NiO layer thicknesses. Note the reflectivity profilesnetic moment in samples of various crystalline orientations,
shown in Figs. 6 and Gb) are nearly identical, indicating thicknesses, and bilayer repetitions, even though the sensitiv-
the lack of chemical contrast between the NiO and Pd layersty of the neutron reflectometry is more than sufficient to
Again there is no significant splitting between the two spindetect a magnetic structure inferred by Managal. (see
cross sections in Fig.(B) and thus no significant magnetic Sec. I). Therefore, we believe that the observations from
moment in the Pd layer, regardless of the Pd layer thicknesddanagoet al. are extrinsic in origin. One extrinsic origin

Another example of the successful suppression of chemieould be a deviation of NiO from ideal stoichiometry, which
cal contrast across the Pd/NiO is presented in Fig. 7, wherean give rise to ferrimagnetic behavidrSuch a deviation
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could also explain the unusual dependence of the measured V. CONCLUSION
magnetic moment on NiO layer thickness observed by

Managoet all! if, for example, ferromagnetic precipitates We have shown that by matching the nuclear scattering

occur close to the NiO/Pd interface in the NiO layers. Re_length dens]tles In magnetic heterostruc.ture's one can sup-
cently Ohldaget al. have shown that under certain circum- PrS® chemical contrast across a reflecting interface, which
i can lead to enhanced sensitivity to magnetic contrast using

stances NiO can be reduced close to interfaces in magnetlcoIarized neutron reflectometry. measurements. This tech.
heterostructures to form pure K. P Y )

Furthermore, it is interesting to note that Managfoal. niqye is particularlyf_begeficialfin studie; (I)f very small mag-
observed the biggest ferromagnetic moments in samples Wifﬂ?t'ﬁ mqm(Tnts ion ;ne to ah'ew 3t?m|tc)_layers. Sléppressllotn
polycrystalline NiO. At the same time it is very well known ,([). c e:cnllac; canrgg, was acd 'eff{ﬁ or |_?yer§ ?n Sl;perta )
that small particles and polycrystalline thin films of transi- ces 0 and NI prepared with a Specilic mixture of natu-

. 62 - B - - . _
tion metal antiferromagnets can show a net magnetizatioﬁal Ni and ™Ni. Samples with different Pq anc_i N'O. thick
due to uncompensated momeftE2This might also explain nesses as well as several crystallographic orientations were

the absence of any observed magnetic moment in the epita pxamined. Despite excellen_t crystalline quality_ and success-
ally grown samples presented in this study, ul efforts to suppress chemical contrast, no evidence for any

One further difference between our samples and the onéc?zgt:(:z(:] mom:rnt|'Ig'f)doxva;nOb'sr?évigalnmfgﬁ]tér?g .E]tt'g% ﬂt]c?
studied by Managet al. is the growth temperature, in par- upper fimi y Indu '

ticular for the Pd layer. The higher growth temperatures useg'oj’““B/atom was determm_ed._W(_a concl_ud_e that the Pd/NiO
by Managoet al. could give rise to increased interdiffusion, System does not show an infrinsic proximity effect and that

which could then give rise to a magnetic moment within thepre\{ioqsly observed ferromagnetic moments are probably
Pd layer extrinsic in nature.

There could be several reasons for the absence of any
magnetic proximity effect for Pd grown on NiO. NiO devel-
ops antiferromagnetic domains even in single-crystal
samples! These domains could induce moments in the Pd The neutron scattering facility of the National Institute of
layer in various directions such that no long-range order caistandards and Technology is greatly appreciated. We would
be established. The same effect could also occur due to strulike to acknowledge D. Lederman, C. Leighton, and Ivan K.
tural defects, such as steps, which could give rise to an efSchuller for many stimulating discussions. Furthermore, we
fective frustration of any proximity effect. Of course the ab- would like to thank J. Thompson for assistance with magne-
sence of any proximity effect could also be more intrinsic—tometry measurements. This work was supported by the U.S.
for example, due to the insulating nature of NiO. Since theDepartment of Energy, BES-DMS, under Contract No.
electrons are localized in NiO, it could be that their influenceW-7405-Eng-36. One of ugA.H.) thanks the Los Alamos
on the Pd band structure is simply negligible. National Laboratory for its support.
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